The objective of this study was to evaluate the efficacy of the wheat germ oil (WGO) and bone marrow transplantation (BMT) in boosting the immuno response and protecting from oxidative stress in irradiated rats. BM was given by intravenous injection to male rats, one hour post gamma irradiation at the dose level of 5 Gy. Rats were orally administrated with 54 mg/Kg body wt of wheat germ oil daily for 2 weeks before irradiation. After 14 days, results revealed that total body irradiation induced significant decreases in RBCs, WBCs and lymphocytes, as well as Glutathione (GSH) and zinc superoxide dismutase (Zn/SOD), splenocyte count, bone marrow lymphocyte count and viability. Tumor necrosis factor alpha (TNF-α) and interleukin 2 (IL-2) also recorded significant decrease while interleukin 6 (IL-6) and lipid peroxidation marker malondialdehde (MDA) in serum and spleen were conversely elevated. In irradiated animals receiving BMT and WGO, values of MDA in serum and tissue were significantly depressed as compared with the irradiated group, while lymphocytes, bone marrow viability percentage, splenocytes percentage, IL-2, IL-6 and GSH were significantly elevated. The curative action of WGO enforcing significant innate response could trigger and augment adaptive immune response by BMT, thus protecting immune system from radiation induced damage as well as oxidative stress.
Introduction
Ionizing radiation works by damaging the DNA of exposed tissue leading to cellular death [1] . Interaction of ionizing radiation with living cells causes a variety of changes depending on kind of exposure, absorbed dose, duration of exposure, interval after exposure and also susceptibility in tissues [2] . Most of cellular alterations induced by ionizing radiation are mediated by the generation of free radicals and related reactive species, mainly derived from oxygen [3] . The overproduction of reactive oxygen species (ROS) in cells and tissues increases oxidative stress that may induce damages to lipids, protein oxidation, DNA and RNA [4] .
Hematopoietic stem cell transplantation (HSCT) is the infusion of hematopoietic stem cell from a donor into a patient who has received chemotherapy or irradiation dose that can be marrow ablative [5] . Peripheral blood stem cells are now the most common source of stem cells for allogeneic HSCT [6] . Irradiated mice followed by transplantation of stem cells of the immune system became much-used method that fostered the burgeoning field of cellular immunology. Therefore, those who received HSCT belonged to immuno-compromised patient population [7] .
In recent years, essential oils and extracts of many plant species have become popular in many pharmaceutical and food processing applications [8] . Natural radio protectors such as WG and oil seeds are found in plant materials [9] . Wheat is an important source of vitamins, minerals, dietary fibre and phyto-chemicals. The oil is a rich source of tocopherols and tocotrienols. The germ is the most nutritious portion of the wheat and it makes up about 2.5% of the grain weight. Wheat germ is a rich source of vitamins B complex and E [10] [11] . Vitamin E acts as inhibitor of oxidation processes in body tissues. It protects cells against the effects of free radicals that can cause cell damage and contribute to the development of cancer [12] . Wheat germ oil not only prevents autoxidation of unsaturated fatty acids but also generates DNA protective properties [13] [14] . Hence, it would be beneficial to determine immune-stimulating and the radio protective effects of wheat germ oil.
This work aims to investigate the boosting of innate immunity by the administration of wheat germ oil enforcing adaptive immune response and bone marrow transplanted to irradiated animals.
Materials and Methods
Mature male albino rats of pure strain (Rattus albinus) weighing 110 -150 g were obtained from the animal house of the National Center for Radiation Research and Technology (NCRRT), Atomic Energy Authority, Egypt. Animals were housed in especially designed cages, six males per cage. All rats were kept under normal conditions of light and darkness, allowed free access to drinking water and normal rodent diet in the form of pelleted concentrated diet. Animal were kept to acclimatize for a week before the onset of the experiment.
All animal treatments were conducted according to the Ethics committee of the National Research Center and in accordance with the recommendations for the proper case and use of laboratory animals (HN publication No. 85-23, revised 1985) in accordance with international ethical considerations.
Groups of ten rats were dissected under light anesthesia and blood sample were collected by heart puncture using sterile syringes. Part of the blood was collected in heparinized tubes to determine RBCs and WBCs counts using a haemocytometer and lymphocytes were determined according to Dacie and Lewis (1993) [15] . Reduced GSH and Zn/SOD content were measured according to Beutler et al. (1963) and Yoshioka et al. (1979) [16] [17] respectively. The rest of the blood was used to obtain serum for MDA measurement according to Yoshioka et al. (1979) [17] . IL-2 and IL-6 concentrations were determined by using enzyme linked immunosorbent assay (ELISA). ELISA kits for IL-2 and IL-6 were obtained from Kanya Biomedical Company Gateway Seatle and measured according to Chan and Perlstein (1987) and Kaminska et al. (2000) [18] [19] respectively, while TNF-α concentration was assayed by commercially available ELISA kit (Quantikine, R & D Systems, Minneapolis, MN) and measured according to Aramachi (1988) [20] . A sample of spleen tissue was homogenized to estimate MDA (Yoshioka et al., 1979) [17] . Determination of viable bone marrow, bone marrow lymphocyte and splenocyte percentages were performed according to Esser et al. (2001) , Sinai et al. (1978) and Takabatake et al. (1997) [21]- [23] respectively.
Irradiation
Whole body irradiation was performed using Gamma-Cell 40 (Cesium-137) biological irradiator manufactured by Canada Ltd. source situated at NCRRT. Animals were irradiated at an acute single sublethal dose of 5 Gy at a dose rate of 1.2 rad per second. Sarkar et al. (1988) [24] declared that 8 Gy is considered a lethal dose for rats.
Bone Marrow Transplantation
Donors and recipients were chosen of the same inbred strain, brother to brother (syngeneic transplantation). Femur bones were dissected out and cleaned. The ends of the bones were chipped by a bone nibbling forceps. Then the marrow was blown out of the femur into isotonic saline solution under sterilized conditions inside a laminar flow cabinet. The marrow was collected into a sterile container surrounded by ice cubes, and mixed by drawing and expelling it several times from the syringe without needle in order to avoid mechanical damage to the cells. The total viable cells of about 75 × 10 6 ± 5% were injected intravenously (i.v.) 1 hour after irradiation [25] .
Wheat Germ Oil Supplementation
Wheat germ oil (WGO) was supplied as a soft gel from Sigma Chemical Company. WGO was freshly prepared just before the application. WGO (300mg/5ml) was suspended in corn oil and administered to animals by oral gavage at doses of 54 mg/kg body weight. The doses used in this study were selected on the basis of the reports of previous studies [26] [27]. Animals were divided into: 1) Normal control male rats (C).
2) Group of male rats injected with BMT (±75 × 10 6 ) cells through the caudal vein (C BM ). 3) Group of male rats injected orally with 54 mg/Kg body weight of wheat germ oil as a single daily dose for 14 successive days (C WGO ).
4) Group of male rats exposed to 5 Gy whole body gamma rays (R). 5) Group of male rats exposed to 5 Gy gamma rays and received BMT one hour after irradiation (R + BM). 6) Group of male rats injected orally with 54 mg/Kg body weight of the wheat germ oil as a single daily dose for 14 successive days before irradiation (R + WGO).
7) Group of male rats injected orally with 54 mg/Kg body weight of wheat germ oil as a single daily dose for 14 successive days before irradiation and received BMT one hour after irradiation (R + BM + WGO).
All animal groups were sacrificed after 14 days of irradiation. The results were analyzed using one way analysis of variance (ANOVA) followed by Duncan's test according to Steel and Tosrie (1980) [28] .
Results
Irradiation of animals at 5 Gy induced a significant depression (P < 0.05) in RBCs, WBCs, lymphocytes, bone marrow lymphocytes and viability and splenocytes. BMT and/or WGO together with irradiation showed a significant elevation (P < 0.05) in RBCs, WBCs, lymphocytes, bone marrow lymphocytes and viability and splenocytes as compared to irradiated group (Table 1 and Figure 1) .
A significant decrease was noticed in serum IL-2 and TNF-α values (P < 0.05) while IL-6 level recorded a significant increase post 5 Gy gamma irradiation. All treated irradiated groups showed significant increase in IL-2, TNF-α levels while IL-6 level recorded a significant decrease when compared to the irradiated group ( Figure 2 and Table 2 ).
Results presented in Table 3 demonstrated a significant decrease of blood GSH and Zn/SOD (P < 0.05) and a significant increase (P < 0.05) of serum and spleen MDA two weeks post exposure to 5Gy gamma radiation. Each of BMT and/or WGO treatment combined with irradiation induced a significant elevation of GSH (P < 0.05) and Zn/SOD and a significant decrease of serum and spleen MDA (P < 0.05) as compared to irradiated group.
Discussion
Ionizing radiation causes defective haemopoiesis according to radiation dose rate and quality [29] . This is followed by thrombocytopenia and concomitant hemorrhages beside effects in adaptive immune system resulting from deficient lymphopoiesis and apoptosis of lymphocytes [30] . Proliferation of stromal cells and bone-marrow stromal layer formation are sensitive to radiation in vitro, while established bone-marrow stromal layer is relatively resistant to radiation [31] . Since the bone marrow is a primary target for irradiation, the recovery was de- Values are expressed as mean ± SE. c: Significant difference compared to control. r: Significant difference compared to R group. Table 3 . Effect of BMT and /or WGO supplementation on whole blood GSH and ZN/SOD, serum and spleen MDA in irradiated and non-irradiated rats. pendent on extramedullary cell division in the thymus and spleen [32] . Whole body gamma irradiation causes considerable decrease in the hematological values like erythrocytes, leukocytes and lymphocytes [33] [34] . Decrease in the number of erythrocytes in the present study was imputed to depletion of erythroblast differentiation and reticulocyte release from the bone marrow and the loss of cells from the circulation by hemorrhage [35] [36] . In the present study, lymphocytes were decreased in irradiated group compared to the control group. Depletion of lymphocytes induced by irradiation is attributed to apoptosis and necrotic death [37] .
Leukocytes and lymphoid organs are also highly sensitive to radiation and oxidative stress [38] . Radiation does not only affect cell growth, proliferation, viability and migration capacity of stem cells but also acts as a promoter of apoptosis [39] . In individuals exposed to high doses of radiation, both mature lymphocytes and bone marrow stem cells were severely damaged, causing profound depletion of granulocytes and natural killer cells, which together defend against microbial invasion, causing death from active infections [30] . These previous investigations may explain the significant decline in both bone marrow lymphocyte count and viability.
IL-2 plays an important role in growth, proliferation, and differentiation of T cells [40] . In agreement with literature, the present study demonstrated decreased IL-2 level in irradiated animals. Bass et al. (1989) [41] demonstrated that T lymphocytes in spleen cells of total lymphoid irradiated (TLI) mice, secrete 5% -9% of the mean normal level of IL-2. Other investigations show that T cells from TLI-treated mice produce more IL-4 and less IL-2 and IFN-γ than normal counterparts [42] [43] . Gamma irradiation is known to significantly inhibit the proliferation of effective T cells by reducing the levels of Th1 type cytokines (such as IL-2) [44] . Post irradiation in the present study, IL-6 levels showed a significant increase compared to the control group which comes in agreement with Chang et al. (1997) [45] . Ionizing radiation induced DNA damage have been shown to initiate the expression of various circulatory cytokines such as IL-6 and some of these responses may be related to apoptosis. IL-6 itself is a pluripotent cytokine which is involved in acute pro-inflammatory process associated with overexposure to ionizing radiation [46] . The present results showed that 5 Gy gamma irradiation induced a significant decrease of TNF-α, which is in agreement with Tsukimoto et al. (2009) [47] . The previous authers proved the anti-inflammatory effects of gamma irradiation followed by suppression of TNF-α production in cells of mouse macrophages cell line. TNF induced by irradiation could regulate the BM cells apoptosis in vitro and in vivo which is a crucial event in BM dysfunction [48] .
The present results demonstrated a significant reduction in blood GSH and Zn/SOD as well as elevation in serum and spleen MDA by irradiation. This could be attributed to enhanced utilization of the antioxidant system in an attempt to detoxify radiation generated free radicals [49] . The decrease in the activity of antioxidant enzymes might result from radiation-induced cell membrane damage and alterations in dynamic permeability of membranes due to peroxidation, which is followed by the release of intracellular enzymes to the blood stream [50] . It also could be attributed to their utilization by the enhanced production of ROS [51] .
The present results discerned that injection of BMT alone post irradiation lead to a significant elevation of RBCs and lymphocytes as compared to the irradiated group. BMT post irradiation showed elevation of splenocytes, bone marrow lymphocyte count and viability due to proliferation of stromal cells [31] . Protection of BMT from death associated with bone marrow failure caused by irradiation may be provided by systemic stimulation of the remaining intact hematopoietic stem cells that survive irradiation. The accelerated restoration of functional hematopoietic cells is believed to be the major factor in the survival of irradiated mice [52] .This explains the present results which showed a significant increase in both bone marrow lymphocyte count and viability after bone marrow injection when compared with the irradiated group.
In the present study BMT to irradiated animals induced a significant reduction of IL-2 concentration compared to irradiated animals. Wang (2002) [53] explained that IL-2 concentrations in recipient mouse serum were relatively low. Because of cytokine autocrine and paracrine physiological characteristics, their expression in a microenvironment may be sufficient to reconstitute the immunological and hematopoietic depression after BMT. Also, BMT could cause the lack of IL 2-producing cells and/or the increased activity of suppressor cells of the helper function. The depression in IL-2 level in the present results supports the successful engraftment of bone marrow cells [54] . Data revealed that serum IL-6 levels decreased after BMT in irradiated rats which in agreement with Lee et al. (2002) [55] . IL-6 plays a primary role in hematopoiesis as it regulates the differentiation of B cells, megakaryocytes and platelets [56] . IL-6 might mitigate acute graft versus host disease (GVHD) without losing the significant antitumor benefits of allogeneic BMT [57] . The hypothesis suggested that the protection of mice from radiation-induced hematopoietic death is mediated by cytokines and chemokines [57] . The amelioration of serum TNF levels of irradiated rats after BMT may be related to absence of the immunological reaction against non-HLA allogeneic antigens as a result of the immunosuppressive effect of irradiation [58] . Furthermore, neutralization of TNF-α have been reported by Brown and Thiele (2000) [59] to reduce complications after BMT.
It is well documented that total body irradiation (TBI) followed by BMT, has been shown to raise the erythropoietic activity in both bone marrow and spleen [60] [61] . Accordingly, it causes elevation in red blood cells, the important source of GSH and can ameliorate the GSH depletion in blood and organs and hence oxidative stress [62] . These findings coinside with present results where the GSH was elevated significantly compared to the irradiated group post BMT.
The present data discerned that administration of wheat germ oil led to an elevation in RBCs, bone marrow lymphocytes and viability as compared to the irradiated group after 2 weeks. These results are greatly supported by Adaramoye et al. (2010) [63] who noticed that the treatment of rats with wheat germ oil at 54mg/kg body wt prior to whole body γ-irradiation seems to exert protective effects. The mechanism by which wheat germ oil mediated its effects may be by inhibiting free radical liberation or scavenging these free radicals causing reduction of the damage induced in bone marrow cells. Vinod et al. (2012) [64] demonstrated that wheat germ oil stimulated splenocyte proliferation in vitro in a concentration-dependent manner and suppress the cellular and humoral response. This comes in accordance with our results that administration of WGO before gamma irradiation causes an elevation in splenocyte percentage. Zeinab et al. (2010) and Ibrahim et al. (2011) [65] [66] proved that gamma radiation exposure results in varying degrees of oxidative stress and hematological parameters of blood were increased with WGO pre-treatment.
The production of IL-2 was significantly increased with the administration of WGO before gamma irradiation which comes in accordance with the previous study [67] . WGO was found to prolong the Th1 response to enhance IL-2 production [68] . Wheat germ oil supplementation causes a drop in serum level of IL-6 and may help reduce cancer risk by acting as an antioxidant and by preventing formation of carcinogenic nitrosamines formed in the stomach from nitrites in foods [69] . WGO appears to be effective in reducing free radical oxidative dam-age induced by gamma irradiation [70] . In the present study, WGO supplementation as a radioprotector induced an elevation in TNF-α level in irradiated animals. This elevation may be due to the WGO pro-inflammatory cellular actions that include stimulating the production of collagenases and increasing the expression of adhesion molecules necessary for leukocyte extravasation [71] . Paranich et al. (2000) [26] showed that in oral administration WGO efficiently saturates the body with vitamin E which improves the flow of blood and strengthens the veins and capillaries. These are free radical scavengers and might increase intracellular glutathione (GSH) stores [72] . Vitamin E also known to enhance the body's immune response, inhibits nitrosamine formation, enhances cell communication and inhibits the metabolic activation of carcinogen [73] [74] . Vitamin E can effectively counteract ROS generated by toxicant or carcinogen induced oxidative damage by trapping reactive oxyradicals and preserve membrane integrity [75] . Results of this study demonstrated that WGO exerted a positive effect on oxidative stress markers and immunological response.
Conclusion
The present findings confirmed enhanced hematopoietic reconstitution, accelerated BM restoration and enhanced biological defense activities against oxidative stress via boosting adaptive and innate immunity by BMT and WGO.
